Rates of cerebral glucose utilization were measured by means of the autoradiographic P-deoxy-D-[ 1 -"Cl glucose technique in 70 anatomically discrete central nervous structures in conscious awake rats following unilateral intranigral application of the GABAergic agonist muscimol. lntranigral injection of 1.3 PI 1 PM muscimol (O.15 ng) induced increases in glucose consumption locally in the substantia nigra reticulata (by 87%), distally in the contralateral reticulata, red nucleus, nucleus accumbens, and prefrontal cortex, and bilaterally in the pyriform cortex, as compared to values in control animals. lntranigral injection of 1.3 ~1 1 mu muscimol (150 ng) effected a local metabolic activation in the substantia nigra reticulata (by 111% compared to the control group) and in compacta (by 18%), as well as a distal activation in the contralateral reticulata (by 39%) and contralateral compacta (by 29%). Beyond the structures affected by the lower dose, the higher dose of muscimol elicited widespread bilateral increases in glucose metabolism in the rat brain. Among the principal nigral reticulata efferent projections, the deep superior colliculi displayed ipsilateral metabolic activation (by 30%), whereas the parafascicular, mediodorsal, and ventromedial thalamic projecting areas, as well as the pedunculopontine nucleus, displayed bilateral activations compared to the control animals. The ventromedial and ventrolateral thalamic nuclei contralateral to the injected substantia nigra reticulata were 20% activated compared to the ipsilateral homologous structures and 30% activated compared to the control rats. The areas that send afferent projections to the reticulata (globus pallidus, entopeduncular and subthalamic nuclei) were mainly activated contralateral to the injected reticulata compared to values for control animals. In general, following intranigral muscimol(1 mu) injection, glucose metabolism was activated to a larger extent on the side contralateral to the injection than on the ipsilateral side. It is suggested that the present findings are due to a presynaptic nigral effect of muscimol on the GABAergic autoreceptors of the striatonigral terminals and to a consequent disinhibition of the reticulata GABAergic output.
There is considerable literature concerning basal ganglia functioning, suggesting overall a basal ganglia role in gating sensory inputs into other motor areas and in attention and cognition (Lidsky et al., 1985) . In our previous studies, we attempted to define the functional pathways associated with one of the main output components of the basal ganglia, the substantia nigra W). The effects of unilateral electrical stimulation of the SN were examined to gain insight concerning (1) the poorly understood relationships between the basal ganglia and the major motor systems of the cerebellum and cortex, and (2) the growing evidence concerning reciprocal regulations of the nigrostriatal dopaminergic (DAergic) pathway (Cheramy et al., 198 1) and the striatonigral GABAergic system (Gauchy et al., 1980) in spite of the lack of direct interhemispheric connections. Unilateral SN reticulata (SNR) stimulation elicited metabolic activations in several bilateral extrapyramidal structures in awake rats and only few unilateral (ipsilateral to the stimulated nigra) activations in halothane-anesthetized animals (Savaki et al., 1983b) . This finding, that halothane-anesthesia masks the effects induced by SN stimulation in a few specific brain regions anatomically associated with the nigra, indicates that the anesthetic agent is a possible source of the contradictory neurophysiological observations reported in the literature (Bunney et al., 1973; Bunney and Aghajanian, 1976; McCulloch et al., 1979; Wechsler et al., 1979) . Furthermore, because no major direct anatomical connections had been described between the basal ganglia of the 2 hemispheres (Gerfen et al., 1982) , and because halothane itself markedly decreased the glucose use within the thalamus and cortex specifically (Savaki et al., 1983a) , we proposed at that stage that the halothane-induced depression of polysynaptic pathways, mediated via thalamocortical relays, could be responsible for the masking effects of anesthesia (Savaki et al., 1983b) .
In our attempt to investigate further the possible interthalamic transfer of information from one SNR to the contralateral basal ganglia components, we lesioned the major connection to the thalamus, the ventromedial thalamic nucleus (VM). The metabolic depressions induced by unilateral VM lesion occurred through anterograde pathways 1 week after the lesion and had not recovered after 1 month, whereas retrograde degeneration made only a minor contribution . However, unilateral lesion of the VM projection field of the SNR prior to ipsilateral SNR stimulation induced reversible reticulata hypoexcitability and a lack of responsiveness in areas receiving reticulata efferents. It was then suggested that distal axonal injury (in the VM) induced reversible retrograde reactions in the nigral parent cells (in the SNR) and their uninjured collaterals Effects of lntranigral Muscimol Application (Savaki et al., 1984a) . The regional cerebral metabolic effects induced by unilateral SNR stimulation 8 and 30 d following ipsilateral VM lesions demonstrated that (1) the stimulation of the SNR polysynaptically activates several neuronal systems bilaterally and in parallel; (2) the role of the VM in mediating most of these activations is central; and (3) the plasticity of the adult CNS allows for recovery of metabolic responsiveness (Savaki et al., 1984b (Savaki et al., , 1985 . Nevertheless, electrical stimulation of the SNR may cause (1) orthodromic excitation in projecting areas via direct DAergic and GABAergic (monosynaptic) or indirect (polysynaptic) nigrofugal neurons, (2) antidromic activation of nigral afferent fibers, and (3) activation of fibers passing through the SNR. In order to further define some of the above-mentioned effects of SNR stimulation by isolating nigral pathways based on their use of different neurotransmitters, we manipulated the GABAergic nigral system specifically by locally injecting the agonist muscimol. It has been postulated that there are 2 distinct but functionally linked pools of GABA within the SNR. The larger one (90% of total) resides in the axon terminals of slowly firing striatonigral fibers and has a low turnover, whereas the smaller one (10%) is present in the perikarya and collaterals of rapidly firing neurons and has a high turnover rate (Starr et al., 1983 ). Intranigrally applied muscimol may act locally via presynaptic GABA autoreceptors of striatonigral terminals to disinhibit reticulata cells (Arbilla et al., 1979) , or it may act via postsynaptic receptors on nigral cells to increase their tonic inhibition (Waszczak et al., 1980) .
In conclusion, the present experiments were undertaken to define further specific functional associations of the SNR in the rat brain using the quantitative autoradiographic technique of Y-deoxyglucose (Sokoloff et al., 1977) in combination with the pharmacological manipulation of the reticulata GABAergic system by intranigral application of muscimol. Part of this work has appeared in abstract form (Dermon et al., 1989) .
Materials and Methods
Male Sprague-Dawley rats weighing 350-400 gm (Charles Rivers) were allowed free access to food and water prior to surgical preparation. Polyethylene catheters were inserted into 1 femoral artery and vein, and an injector (external diameter, 0.3 mm) was implanted stereotaxically into the right SNR under light halothane anesthesia (halothane/nitrous oxide/oxygen 1%:67:33 v/v). The experimentally determined coordinates for the SNR were A = 2.8-3, L = 1.8-2.2, and H = 2.0-2.2. The injector was sealed on the skull using dental cement, and the animal, encased in a loose-fitting plaster cast around the lower abdomen, was allowed to recover from anesthesia for an average of 3 hr. Five minutes before the intravenous 14C-deoxyglucose (14C-DG) injection (100 pCi/kg; specific activity, 5 mCi/mmol; New England Nuclear) the intranigral injection of saline (group of 8 control rats), 1 PM muscimol (group of 7 rats), and 1 mM muscimol (group of 6 rats) was started by means of a microsyringe attached to a Harvard pump. The intranigral injection continued for 10 min following the IE-DG administration (total vol, 1.3 ~1 injected within 15 min). Consequently, the total dose of muscimol injected into the SNR of each rat was 0.15 ng in the group of 7 rats and 150 ng in the group of 6 rats. The position of the tip of the injector was confirmed by histological examination, the size of the injectate was visualized by the use of Evans blue (0.1%) in the injected solution, and the exact size of the activated area within the right SNR following muscimol injection was determined in serial sections on the autoradiograms. Blood pressure, heart rate, body temperature, and blood pO2, $O,, and pH were always estimated to be within the normal range before the administration of 14C-DG. Arterial blood samples were obtained during the succeeding 45 min, and the glucose and 14C-DG plasma concentrations were measured as required (Sokoloff et al., 1977) . Forty-five minutes after the 14C-DG administration, the rats were decapitated, and the brains were removed and frozen in isopentane cooled to -40°C. Coronal brain sections of 20 pm thickness were obtained on a cryostat microtome at -20°C and thaw-mounted onto slides. The slides were exposed to Kodak OM-1 X ray films in X-ray cassettes that were stored in a dark, cool environment for approximately 20 d. These autoradiograms were then matched with corresponding stained sections for the exact localization of the intranigral subregion activated by muscimol.
The effect of intranigral muscimol injection on local cerebral glucose utilization was examined in 70 rat brain regions named according to the Paxinos atlas (Paxinos and Watson, 1982) . Local cerebral tissue concentrations of 14C were determined by quantitative densitometry using a computer-assisted densitometer (Quantimet 970, Cambridge Values represent the mean * SEM of glucose utilization expressed in pmol/lOO gm/min, obtained in 8 awake control rats, 7 rats injected intranigrally with I WM muscimol, and 6 rats injected intranigrally with 1 mM muscimol. " Signiticances at p < 0.05 level, estimated by one-way analysis of variance followed by Student's f-test. " Side-to-side significant differences at the p < 0.05 level, calculated by the paired I-test. Instruments). Seven precalibrated 14C standards exposed together with the brain sections were used as reference. Six ipsilateral and 6 contralateral (to the injected nigra) determinations of optical density were made for each brain area investigated in each animal.
Using Sokoloffs original equation (Sokoloff et al., 1977 ) the glucose consumption in discrete brain areas was calculated from the measured concentrations of 14C and glucose in arterial plasma samples during the experimental period, from brain tissue concentrations of 14C determined by the densitometric analysis, and from the appropriate constants for the rat.
The data were analyzed for statistical signiticances by 1 -way analysis of variance (ANOVA test). Whenever a statistically significant interaction was found (with the ANOVA test), the data were further analyzed by the unpaired 2-tailed Student's t-test applied between the salineinjected group of animals and the I mM or 1 PM muscimol-injected group. Ipsilateral-to-contralateral differences were estimated within each of the 3 groups using the paired t-test.
Results
In all the rats subjected to intranigral injection of muscimol (1 FM or 1 mM), the autoradiograms always demonstrated a welllimited area of markedly increased optical density all around the tip of the injector and only within the SN. Figure 1 represents the extension of the intranigral area displaying increased glucose use following muscimol injection in all injected rats of both the low-and high-dose groups. These diagrams are based on magnification of autoradiographic sections at the anteroposterior level of the maximal extension of the metabolically activated area. The behavioral response of rats to intranigral injection of the 1 PM muscimol dose was characterized by shivering, piloerection, spontaneous movements of the head, and intermittent sniffing and exploring.
Contralateral turning of the head was observed in 1 rat, ipsilateral turning of the head in 3 rats, and no turning in the other 3 rats. The response of the rats to the injection of the 1 mM dose of muscimol was characterized by hyperactivity, spontaneous movements of the head, and intermittent sniffing, exploring, and gnawing. The higher dose of muscimol induced contralateral turning of the upper part of the body in 5 rats and ipsilateral turning in 1 rat.
Cerebral metabolic effects caused by intranigral injection of I MM muscimol
The effects induced by unilateral intranigral application of muscimol (1 PM) on glucose consumption within ipsilateral and contralateral structures were analyzed as indicated in Materials and Methods. Glucose utilization was locally enhanced by 87% in the injected right SNR. Energy metabolism was also significantly increased (12%) in the contralateral SNR. Values represent the mean f SEM of glucose utilization expressed in pmoV!OO gm/min, obtained in 8 awake control rats, 7 rats injected intranigrally with I PM muscimol, and 6 rats injected intranigrally with 1 rnM muscimol. 0 Significances at p -C 0.05 level, estimated by one-way analysis of variance followed by Student's t-test. fi Side-to-side significant differences at the p -C 0.05 level, calculated by the paired f-test.
anatomically discrete structures examined, only 5 brain regions (including the SNR) were affected by intranigral injection of the low dose of muscimol when the data were analyzed by l-way ANOVA followed by Student's c-test. The affected brain areas (all of them displaying increased glucose use compared to the controls) were the red nucleus contralateral to the injected SNR (10% increase), the contralateral nucleus accumbens (14% increase), the contralateral prefrontal cortex (22% increase), and the pyriform cortex (bilateral increase: 16%, contralateral; 14%, ipsilateral). However, t-paired statistical analysis revealed ipsilateral-to-contralateral (to the injected SNR) differences in several brain regions following intranigral injection of 1 PM muscimol. Among the deep cerebellar nuclei, the fastigeal and interpositus nuclei displayed significantly higher metabolic activity on the contralateral side compared to the ipsilateral side (Table 1 ). In the mesencephalon, the SNR and the deep layer of the superior colliculi displayed significantly higher activity on the ipsilateral side than on the contralateral side (Table 2) . In the diencephalon, the medial habenula and the parafascicular and anteromedial thalamic nuclei demonstrated higher metabolic activity on the ipsilateral side compared to the contralatera1 homologous nuclei. However, the rest of the affected thalamic nuclei (the centrolateral, lateral posterior, ventrobasal, ventromedial, reticularis, and ventrolateral nuclei) displayed a higher activity on the side contralateral to the injected SNR than on the ipsilateral side (Table 3) . No side-to-side differences were demonstrated within the rhinencephalon and the basal ganglia. Within the neocortex, the ipsilateral frontal, prefrontal, parietal, sensory, motor, and anterior cingulate cortices displayed significantly lower metabolic activity compared to the contralateral homologous regions (Table 4) .
Cerebral metabolic efects induced by intranigral injection of I rn.v muscimol The effects induced by unilateral intranigral application of 1 mM muscimol on glucose utilization in the bilateral brain regions examined were statistically analyzed as indicated in the Materials and Methods section.
Brain stem and cerebellum. The alterations of glucose consumption in various examined regions of the brainstem and cerebellum observed ipsilateral and contralateral to the 1 mM muscimol-injected SNR are listed in Table 1 . Unilateral (right) intranigral injection significantly increased the rates of glucose use in the medullary and pontine gray, the vestibular nucleus, the dorsal and median raphe, the locus coeruleus, the pedunculopontine nucleus, the cerebellar hemispheres, the vermis, and the fastigial, interpositus, and dentate deep cerebellar nuclei (Figs. 2, 3 , and 4). All these regions were bilaterally activated (with the exception of the molecular layer in the cerebellar hemispheres and the nucleus interpositus, which were activated only contralaterally) compared to the control and compared to the 1 PM muscimol dose values. Only 3 of these areas demonstrated significant side-to-side differences when analyzed by the paired t-test. Specifically, the median raphe, the locus coeruleus, and the fastigial nucleus displayed a higher metabolic activity on the side contralateral to the injected SNR than on the ipsilateral side.
Mesencephalon and white matter structures. At the mesencephalic level, the prominent effect was the enhanced metabolic activity (by 111% compared to the control value) within the injected right SNR (Figs. 1 and 4) . Glucose metabolism was also activated in the contralateral SNR (by 39%). The ipsilateral Values represent the mean * SEM of glucose utilization expressed in ~mol/lOO gm/min, obtained in 8 awake control rats, 7 rats injected intranigrally with 1 PM muscimol, and 6 rats injected intranigrally with I rnM muscimol. a Significances at p < 0.05 level, estimated by one-way analysis of variance followed by Student's f-test. * Side-to-side significant differences at the p < 0.05 level, calculated by the paired f-test. SN-compacta (SNC) was activated by only 18%, whereas the contralateral SNC was activated by 29%.
The oculomotor complex and the red nucleus displayed bilateral metabolic activations following unilateral intranigral 1 mM muscimol injection, whereas the deep layer of the superior colliculi was found to be only ipsilaterally activated. The interpeduncular nucleus was also metabolically activated, whereas no white matter structure displayed any increase in glucose use. Most of the metabolic activations in the mesencephalon were significant between the 1 mM dose and control groups and between the 1 mM dose and 1 PM dose groups, with the exceptions of the ipsilateral SNR, SNC, and red nucleus, which were activated only in comparison to controls and not in comparison to the 1 PM dose group. Statistical analysis using the paired t-test revealed that the contralateral SNC and the red nucleus were more activated than the ipsilateral homologous structures, whereas the ipsilateral SNR and the deep layer of the superior colliculi were more activated than the contralateral homologous regions (Table 2) .
Diencephalic areas. Unilateral intranigral injection of 1 mM muscimol resulted in marked elevations of metabolic activity widely distributed in the rat diencephalon (Figs. 5, 6, 7) .
On the ipsilateral side, the structures that displayed increased metabolic rates compared to both control and 1 PM dose values were the medial and lateral habenula, and the parafascicular, mediodorsal, ventrobasal, ventromedial, anteromedial, and subthalamic nuclei. On the contralateral side, significantly increased metabolic activity, compared to both control and 1 FM dose values, was observed in the lateral habenula, parafascicular, mediodorsal, ventrobasal, ventromedial, anteromedial, and subthalamic nuclei, as well as in thalamic nuclei (reticularis, anteroventral, and ventrolateral), that were not affected ipsilaterally. Analysis with the paired t-test revealed that the contralateral centrolateral, lateral posterior, ventrobasal, ventromedial, reticularis, anteroventral, ventrolateral thalamic nuclei and the subthalamic nucleus were significantly more activated than the ipsilateral homologous structures. Among those examined, the only thalamic region that demonstrated more activation on the ipsilateral side than on the contralateral side was the medial habenula (Table 3) .
Telencephalic regions. Intranigral injection of 1 mM muscimol induced no metabolic changes in the rhinencephalic regions examined.
Among the basal ganglia, the contralateral globus pallidus and entopeduncular nucleus (Fig. 6) were significantly activated compared to both control and low dose values. Moreover, the nucleus accumbens was bilaterally activated compared to control group values (Fig. 8) .
Within the cerebral cortex, significant elevations of glucose consumption were observed contralaterally in the prefrontal cortex and bilaterally in the pyriform cortex, as compared to the respective regions in the control group (Table 4) . Although the glucose use values in the contralateral frontal, parietal, sensory, motor, visual, and posterior cingulate cortices were not Values represent the mean + SEM of glucose utilization expressed in pmol/lOO gm/min, obtained in 8 awake control rats, 7 rats injected intranigrally with 1 PM muscimol, and 6 rats injected intranigrally with 1 rnM muscimol.
a Significances at p c 0.05 level, estimated by one-way analysis of variance followed by Student's t-test. b Side-to-side significant differences at the p < 0.05 level, calculated by the paired r-test.
significantly different compared to the controls, these values were significantly higher compared to the ipsilateral side (Figs. 
4, 6, 8).

Discussion
Methodological considerations
Control animals were subjected to intranigral injection of saline. Neither the injector track nor the saline injected in the SNR induced any significant side-to-side differences in the examined brain structures of the control group. This observation indicates that the effects elicited by intranigral muscimol injection are due to pharmacological manipulation of the n&al GABAergic system and not to any mechanical artifact.
Among the behavioral responses of rats to intranigral muscimol injection, turning of the head was observed. Because 6 rats responded to the muscimol injection with contralateral turning, 4 rats responded with ipsilateral turning, and 3 rats did not demonstrate any turning of the head, there is no indication that the consistently larger contralateral effect induced by intranigral muscimol injection is secondary to the behavioral response.
Intranigral
injection of 1 PM muscimol induced a significant metabolic increase in very few brain structures, whereas the injection of 1 mM muscimol significantly affected several cerebral regions. However, the metabolic values affected by the small dose were often between the control and the high dose values, indicating a biologically (although not statistically) significant dose response. Moreover, the side-to-side comparisons within each of the low and high dose groups consistently give the same lateralization of effects by both doses (Tables 1, 2 , 3, 4).
Efect elicited locally in the injected SNR Within the injected (right) SNR, the increased metabolic activity induced by muscimol may reflect the activation of presynaptic autoreceptors on the striatonigral GABAergic terminals. These receptors, which are sensitive to muscimol, are involved in the control of GABA release in the SN (Arbilla et al., 1979) . Because electrophysiological studies have demonstrated that stimulation of the striatum inhibits neuronal firing in the SNR (Yoshida and Precht, 1971; Collingridge and Davies, 1981) , the abovementioned presynaptic effect of muscimol in the SNR may induce a decrease in the tonic inhibitory action of the striatonigral GABAergic neurons and, consequently, a disinhibition of the SNR cells. Thus, it is suggested that the increased glucose consumption observed within the muscimol-injected SNR may reflect the disinhibited GABAergic reticulata efferent neurons and, even more so, their activated local collaterals, because terminals Figure 7 . Computer generated, color-coded glucograms prepared from autoradiographic rat brain coronal sections at the level of the ventromedial thalamus (right column) and substantia nigra (left column). A color bar is displayed next to the sections at the top, indicating the glucose use values (in rmol/ 100 gm of tissue/min), which correspond to all different colors. Both columns extend from the most posterior (top) to the most anterior (bottom) thalamic and n&al levels. Right column, The increases in metabolic activity are significantly higher in the contralateral (left) ventromedial, ventrolateral, and reticularis thalamic nuclei than in the ipsilateral (to the right, muscimol-injected SNR) homologous structures. Lqft column, the appear to be more labeled than perikarya with the I%-DG method (Savaki, 1989) . This hypothesis is in agreement with results obtained by striatal lesions (Wooten and Collins, 1980; Hosokawa et al., 1984; Kelly and McCulloch, 1987) and by intrastriatal muscimol injection (Kelly and McCulloch, 1984) manipulations that increase nigral glucose metabolism by blocking the inhibitory striatonigral input and, consequently, by disinhibiting nigral output. Moreover, our findings support those of Kernel et al. (1983) who observed enhanced neuronal activity of the SNR cells and increased 3H-GABA release in the SNR (apparently from nigral local collaterals) due to reticulata cell disinhibition following intranigral superfusion with 1 PM muscimol. The suggested disinhibition of SNR cells has been attributed to preferential action of muscimol at the presynaptic level. However, the possibility that a part ofthe enhanced metabolic activity observed locally in the muscimol-injected SNR is due to activation of postsynaptic receptors and consequent hyperpolarization of the nigral GABAergic efferent neurons cannot be excluded at present. However, hyperpolarization should not consume much glucose, and the metabolic effects induced in projecting areas of the SNR indicate disinhibition, rather than inhibition, of reticulata cells.
It is not clear why there should be preferential action of muscimol on the presynaptic receptors (on the striatonigral terminals) and not on the postsynaptic ones (on the GABAergic nigrofugal cells). Kelly and McCulloch (1987) in their attempt to explain the inefficiency of a high dose of muscimol to act on the nigral postsynaptic receptors and, consequently, to block the SNR metabolic activation induced by striatal lesion (in other words, induced by removal of the inhibitory GABAergic striatonigral input), suggested that an alternative inhibitory transmitter may have a partial role in this pathway. The possible explanation of the striatonigrat path being maximally activated, so that muscimol can only disinhibit nigral cells, would be in contradiction with the neurophysiological knowledge that the striatal neurons are normally silent. However, we now know that the lesion of these silent striatal neurons induces nigral disinhibition, as well as several other consequent secondary effects. One animal recently injected intranigrally with 1.3 ~1 of 1 M muscimol (150 mg) demonstrated a completely different pattern of distal metabolic effects (preliminary observation in our lab), indicating a possible postsynaptic effect of muscimol in the SNR only in very high doses. Although the biological significance of applying such a high dose of muscimol intranigrally is not apparent, further studies have been undertaken in our lab, combining metabolic and recording techniques in parallel, for the deeper understanding of the pre-and postsynaptic muscimol effects in the nigra.
SNR metabolic lamination
Within the injected SN, there was a junctional zone between the SNC and SNR that did not demonstrate metabolic activation following muscimol application (Figs. 1, 4, 7) . This finding indicates either that this junctional zone is poor in GABAergic local collaterals, or that it contains cells with different receptor affinity to muscimol compared to the adjacent areas. One point of interest is that a minority of cells has been described to be located near the pars compacta, cells that are antidromically activated from the striatum and inhibited by iontophoretic application of GABA, but not DA (Guyenet and Aghajanian, 1978) . Moreover, in the control SN, a dorsoventral metabolic lamination was observed (Figs. 4, 7) . In the past, it has been demonstrated that the SN in the rat is organized in 3 dorsoventral layers, each characterized by the orientation of the local dendritic fields. The most ventral SNR layer contains dendrites oriented in parallel to the crus cerebri, the central SNR stratum has dendrites with anteroposterior orientation, and cells in the most dorsal SNR lamina are characterized by the dorsoventral extent of their dendrites (Grofova et al., 1982) . Other, similar anatomical and neurophysiological evidence also exists in the literature. However, the extent to which metabolic and anatomical laminae ovelap is unknown at the present time, and the functional role of this SNR lamination is not clear. The functional speculations that different subregions of SNR are involved in specific information from the cortex through the striatum to the thalamus and superior colliculi may not hold, because all reticulata subregions contain a mixed population of projection neurons that often have branched axons (Anderson and Yoshida, 1977; Deniau et al., 1978a; Bentivoglio et al., 1979) . However, the dorsoventral topographical organization of the pallidonigral (Savaki et al., 1988) and striatonigral (Domesick, 1977; Tulloch et al., 1978) projection fields, with the ventral pallidum and striatum associated with the dorsal SNR region, and with the dorsal pallidum and striatum associated with the ventral SNR, is similar to the dorsoventral metabolic lamination of SNR.
Eflects induced in &St-order SNR-projecting areas
The enhanced metabolic activity observed in the ipsilateral superior colliculi (SC, deep layer) is attributed to the activation of the nigrotectal projection (Beckstead et al., 1979; Chevalier et al., 198 I) , due to the observed disinhibition ofthe GABAergic reticulata cells after the intranigral muscimol action on the presynaptic autoreceptors located on the inhibitory striatonigral terminals. There is a wealth of evidence that SNR cells exert GABAergic inhibition on cells in the deep layer of the SC, a pathway that has been related to saccades (Hikosaka and Wurtz, 1989) . The increased metabolic activity in the SC apparently reflects the active nigrotectal terminals rather than the inhibited SC cells, a finding consistent with other evidence that terminals are more labeled than perikarya with the 14C-DG method (Savaki, 1989 ). The major output projection from the SNR in the rat is directed toward the VM (Clavier et al., 1976; Herkenham, 1979) . The intranigral muscimol application may have activated the nigrothalamic neurons by a presynaptic action on striatonigral terminals and a consequent disinhibition of reticulata neurons. Indeed, the fact that the intranigral application of muscimol induced a metabolic activation in the ipsilateral VM similar to that observed following electrical stimulation of the SNR (Savaki et al., 1983b) indicates that our observed effect may reflect the disinhibited GABAergic nigrothalamic terminals. This hyactivated region within the right SNR corresponds to the spread of the intranigrally injected muscimol. On the experimental autoradiograms, there was always a nigral area, corresponding to a junctional zone between the compacta and reticula& that was not metabolically activated by any dose of muscimol (right SN). In the noninjected nigra (left SN), the dorsoventral metabolic striation can be differentiated. pothesis is reinforced by the observation of a simultaneous increase of 3H-GABA release and inhibition of global multi-unit cellular activity in the cat VM and ventrolateral (VL) and centrolateral (CL) thalamic nuclei following nigral superfusion with muscimol (Gauchy et al., 1983) .
A point of interest is the finding that the contralateral VM was even more activated than the one ipsilateral to the muscimol-injected SNR. This finding, which indicates interhemispheric regulation at the thalamic level, is similar to that observed following unilateral striatal lesion, with a consequent increase in glucose use in the ipsilateral nigra, accompanied by activation in the contralateral VM (Kelly and McCulloch, 1987) . This finding also resembles the intense activation of the contralateral VM following ipsilateral SNR stimulation in rats bearing ipsilateral VM lesions (Savaki et al., 1984b) . However, the SNR is not the only projecting area to the VM. The lateral habenula, cerebellar nuclei, cerebral cortex, thalamus reticularis, and SC (mostly areas contralaterally affected by intranigral muscimol injection) project converging excitatory and inhibitory afferents to the VM (Herkenham and Nauta, 1979; MacLeod and James, 1984) complicating any possible interpretation of the global metabolic effect observed locally.
Based on the present findings in the thalamus following unilateral intranigral muscimol injection, we may now suggest that the transfer of information from one SNR to the contralateral hemisphere is associated with the nigrothalamic GABAergic system and is mediated via the motor, intralaminar, and reticular thalamic nuclei.
Efects induced in basal ganglia components A point of interest is the finding that, following muscimol injection in one SNR, the contralateral SNR also demonstrated enhanced metabolic activity compared to the corresponding control value. This finding is in agreement with the increase in glucose use within the contralateral SNR following unilateral SNR electrical stimulation (Savaki et al., 1983b) and also with the increased release of -'H-GABA observed in the contralateral SNR following unilateral nigral superfusion with muscimol . Because there is no evidence of a direct connection between the 2 SN in the 2 hemispheres, all the above data point to the existence of 1 or more multisynaptic crossed connections.
The pars compacta neurons of the SN heavily infiltrate the SNR with extensive arborizing dendrites (Bjorklund and Lindvall, 1975; Juraska et al., 1977) . This dendritic circuitry may be responsible for the enhanced glucose consumption observed in the ipsilateral SNC following muscimol injection into the SNR. However, the much more intense effect induced in the contralateral SNC indicates a more complex influence, particularly because the contralateral SNR was much less affected than the ipsilateral SNR.
Effects in second-order cortical relays According to our hypothesis, the VM metabolic activation reflects the disinhibited nigrothalamic terminals. Because the GABAergic nigrothalamic projection is inhibitory (DiChiara et al., 1979) , the VM neurons should be set silent. Furthermore, the cortical projection of the VM should be metabolically inactivated, because it has been suggested that the input from the VM to the neocortex is excitatory (Glenn et al., 1982; Girault et al., 1985) .
Indeed, most of the cortical areas examined did not demonstrate metabolic activations compared to the control values, whereas the cortices ipsilateral to the injected nigra were less active than the contralateral ones. The lack of ipsilateral cortical activation observed after muscimol-induced disinhibition of the SNR cells indicates that the cortical activation observed following SNR electrical stimulation (Savaki et al., 1984b) was not due to the activation of the GABAergic nigral cell population. This cortical activation could be partly attributed to retrograde electrical stimulation of corticonigral fibers.
Efects elicited in thalamic regions
Concerning the rest of the effects observed in the thalamus (in addition to those in the VM already presented), the metabolic activations can be interpreted by some of the known anatomical connectivities. The existence of nigral inputs to the ipsilateral parafascicular, bilateral paralaminar mediodorsal, and bilateral (with sparse contralateral) VM (Gerfen et al., 1982) has been demonstrated. It has been shown that the thalamus receives inhibitory GABAergic projections from the SNR (Deniau et al., 1978b; Kilpatrick et al., 1980) . Moreover, the VM sends projections to the ipsilateral reticular thalamic nucleus (Herkenham, 1979) , which is reciprocally connected with the intralaminar nuclei (Scheibel and Scheibel, 1967; Jones, 1975; Nguyen-Legros et al., 1982) . Finally, the intralaminar nuclei are cross-connected through the nucleus centromedian (Scheme1 and Scheibel, 1967) . However, the reason why the contralateral thalamic activation is more spread and intense than the ipsilateral one is not clear at present. In general, at the level of the basal ganglia components, the effects induced by unilateral SNR electrical stimulation and those induced by unilateral intranigral injection of muscimol were characterized by similar metabolic activations, with 3 exceptions. The first concerns the nucleus accumbens, which was bilaterally activated only by pharmacological manipulation. The second exception is at the level of the striatum: the fact that intranigral muscimol injection did not affect the striatal metabolism indicates that the GABAergic nigral system is not responsible for the striatal activation elicited by nigral electrical stimulation. Consequently, the striatal activation induced by SNR electrical stimulation may have been either an anterograde nigral effect mediated via the DAergic or the substance-Pergic system, or a retrograde result due to stimulation of striatonigral fibers. The third exception concerns the interhemispheric asymmetries: unilateral electrical stimulation of the SNR induced mostly bilateral effects, with the ipsilateral structures displaying the highest activations. In contrast, unilateral intranigral application of muscimol induced mainly contralateral activations within the basal ganglia components. This differential effect indicates that the ipsilateral basal ganglia activations (induced by nigral electrical stimulation) are mainly due to antidromic excitation of nigral afferents, whereas the contralateral activations are mediated via orthodromic excitation ofthe GABAergic SNR nerve cells. Furthermore, because unilateral VM lesion prior to ipsilateral SNR stimulation blocked the contralateral activations in the basal ganglia components (Savaki et al., 1984b) , we now have enough evidence to conclude that there is a considerable transfer of information from one SNR to the contralateral basal ganglia components, mediated via the nigrothalamic GABAergic system and, thereafter, via an interthalamic polysynaptic circuitry. Effects in the cerebellum and brainstem The increased metabolic activity induced in the deep cerebellar nuclei following intranigral muscimol application may be due to the SNC innervation of these nuclei (Chan Palay, 1977) . A point of interest is the recent suggestion that the GABAergic nigrothalamic neurons play a gating role in cerebello-thalamocortical transmission in the VM. Consequently, the GABAergic nigral system may increase or decrease the efficacy of cerebellar afferent volleys in the VM (MacLeod and James, 1984; Bull et al., 1986) . Following intranigral application of muscimol, most of the effects induced in the medulla and pons (medullary and pontine gray, locus coeruleus, and dorsal raphe) were similar to those elicited by electrical stimulation of the SNR. The underlying interconnections (mostly reciprocal) that may interpret these metabolic activations have already been extensively discussed (Savaki et al., 1983b) . The ipsilateral activation ofthe peribrachial pedunculopontine (PP) area, following muscimol application in the nigra, suggests that the input from the SNR to the ipsilateral PP may be GABAergic. This pontine region may partly mediate the interdependence of activity in the ipsilateral and contralateral SNR, because it projects bilaterally to the reticulata (Gerfen et al., 1982) .
Conclusions
Intranigral injection of muscimol induces enhanced glucose metabolism locally, which may be due to activation of the SNR presynaptic GABAergic autoreceptors on the striatonigral terminals, with a consequent disinhibition of the nigrothalamic and nigrocollicular GABAergic neurons and their recurrent collaterals within the SNR.
Based on the metabolic alterations induced by intranigral injection of muscimol, and taking into account the metabolic effects elicited by SNR stimulation following VM lesion (Savaki et al., 1984b) , we may now suggest that the nigrothalamic GABAergic system is responsible for considerable transfer of information from one SNR to the basal ganglia and associated thalamocortical components of the contralateral hemisphere. 
